The exposure of living organisms to metals can generate reactive oxygen species and failure in their antioxidant defences, triggering oxidative stress and oxidative damage. Despite the intensive use of engineered nanoparticles in numerous consumer and industrial products, data on their potential hazards in eukaryotic cells and their dependence on environmental factors such as temperature are still scarce. The aim of this study was to evaluate the antioxidant response of Saccharomyces cerevisiae, grown in presence of glycerol and glucose, to 5 μg/ml titanium dioxide nanoparticles (size < 100 nm) under heat shock conditions. The results showed that biomass, levels of reactive oxygen species and glutathione reductase activity in respiratory/fermentative cells were higher than those detected in respiratory cells. Furthermore, respiratory/ fermentative cells exhibited lower levels of glutathione, malondialdehyde, cytoplasmic catalase and glutathione peroxidase than those detected in the respiratory yeast. Saccharomyces cerevisiae grown in the presence of glycerol, glucose and titanium dioxide nanoparticles, under heat shock conditions, caused oxidative stress, due to a decrease in antioxidant defences such as superoxide dismutases or a slowdown of the glutathione cycle, relative to cells grown in presence of glycerol and glucose.
Introduction
The ubiquitous occurrence of nanoparticles (NPs) in the earth's crust, as well as their geological origin suggests that living organisms have developed adaptive mechanisms to these materials throughout their evolution. However, several studies have reported that nano-sized particles, produced on a large scale for industrial and domestic use showed more serious toxicity than their bulk form, being involved in the inflammatory response and cytotoxic effects in mammals [1] [2] [3] [4] [5] . Thus, the mass production of nanomaterials has created new types of environmental contaminants whose interaction with living organisms is unclear. The size of NPs correlates directly with their properties, such as large specific surface area, solubility and chemical reactivity that may determine the biological behaviour of NPs in vivo [6] . In contrast to animal cells, plants and yeast possess cell walls that constitute a primary site for interaction and a barrier to the entry of NPs to their cells. Cell walls in yeast, mainly consisting of chitin, are semipermeable, allowing the passage of small molecules while limiting the passage of larger molecules. The diameter of pores across the cell wall, which has a thickness ranging from 5 to 20 nm, determines their sifting properties [7] [8] [9] [10] . Thus, only NPs with a size smaller than that of the largest pore are able to pass through the cell wall and reach the plasma membrane. Despite the internalisation of NPs into yeast cells having not yet been studied, some authors have reported that Saccharomyces cerevisiae exhibits greater resistance to TiO 2 -NP than Gram-positive bacteria or animal cells, since the structural rigidity of the cell wall should prevent the direct uptake of NPs [5] . Moreover, interactions of cells with NPs may induce the formation of new pores, which may be larger than usual and thus increase the internalisation of the NPs through the cell wall. Once the NPs encounter the cell membrane, possible forms of interaction include specific or nonspecific forces, receptor ligand binding interactions or membrane wrapping of NPs [11] . During endocytic processes, the plasma membrane forms a cavity-like structure that surrounds the NPs and pulls it into the cell. NPs may also cross cell membranes using embedded transport carrier proteins or ion channels. Throughout this process, NPs may have a direct damaging effect on membrane composition, disrupting membrane composition and fluidity by means of a mechanism for adaptation to NPs which probably involves the regulation of specific desaturase activity [12, 13] . When inside cells, NPs may bind with different types of organelles (e.g., the endoplasmic reticulum or the Golgi apparatus) and interfere with their metabolic processes, possibly as a result of the production of reactive oxygen species (ROS) [13] [14] [15] . Furthermore, release of toxic ions mainly caused by physical restraints are among the indirect effects also assigned to metal NPs [14] . Some examples of NP-mediated effects in organisms include oxidative stress, genetic damage, inhibition of cell division and cell death [16, 17] . Most work to date has suggested that ROS generation (which can be either protective or harmful) during biological interactions and consequent oxidative stress are frequently observed with NP toxicity. Exposures to metal oxide NP of Ti, Cu and Fe were reported to induce oxidative stress via lipid peroxidation in experimental models such as A431, HEp-2 and MRC-5 cells [18] [19] [20] . In order to overcome excess of ROS, cells can activate enzymatic and nonenzymatic antioxidant systems [21, 22] . For example, superoxide dismutases (SOD1, SOD2) catalyse the dismutation of the superoxide radical (
; catalases (CTT1, CTA1) detoxify hydrogen peroxide into water, and glutathione peroxidases (GPx) metabolise lipid hydroperoxides [23] in corresponding alcohol using glutathione (GSH) as a reducing agent. The resulting glutathione disulphide then regenerates to GSH by means of glutathione reductase (GR) [24] using reducing equivalents such as NADPH produced by means of glucose-6-phosphate dehydrogenase (G6PD), a key enzyme of the pentose phosphate pathway [25] . Thus, the healthy functioning of living cells is correlated with a set of events that maximise the GSH/GSSG pair, ensuring a stable and strongly reducing environment. Therefore, changes in this parameter are often used as an indicator of oxidative stress, which may trigger phenomena such as cell growth and differentiation, activation and apoptosis signalling pathways [26] . Heat stress affects a broad range of cellular processes, including transitory arrest of cell division [27] [28] [29] [30] [31] [32] , uncoupling of oxidative phosphorylation [33] , damage to membranes and cytoskeletal structures and defective trafficking through the secretory pathway [34] . Heat stress is also associated with pronounced production of ROS [34] [35] [36] [37] . Studies in Saccharomyces cerevisiae showed a transcription induction of a set of genes after a sudden shift in temperature from 30 to 50° [38] and a decrease in the rate of synthesis of some proteins produced at significant levels at normal growth temperatures [39] . After heat shock, cells focus on the synthesis of heat shock proteins as chaperones for assisting protein folding and disaggregation [40] cellwall remodelling [41] , metabolic enzymes, regulatory proteins, and others involved in their preservation. More than a thousand genes were identified in response to heat shock, after a rapid shift in temperature from 30 to 50°C [42] . In addition, there are a large number of yeast genes whose expression is higher in respirable (YEPG) as compared with fermentable (YEPD) media [43] . Genes include those involved in glycerol utilization, the citrate cycle, the electron transport chain, oxidative phosphorylation and stress resistance [43] [44] [45] [46] . However, no studies associating heat shock with NP toxicity are described in the literature. Considering that S. cerevisiae is a simple model for the study of mechanisms of oxidative stress, studies on ROS and heat shock mediated toxicity of NPs on yeast may provide new scientific knowledge on NPs toxicity that could be transferable to more complex eukaryotic cells [5] . Although some authors consider that TiO 2 -NP are not toxic to S. cerevisiae as Mn 2 O 3 -NPs or Fe 0 -NPs [47] , recent metabolic studies in S. cerevisiae showed that TiO 2 -NP increased the flux of the whole glycolysis pathway [48] and are cytotoxic for yeast cells [49] . The wild-type S. cerevisiae UE-ME 3 , used in this study, exhibits physiological characteristics that enable their survival in hostile environments as the musts of Alentejo wines where the following conditions are detected: high levels of carbohydrates (140-160 g/l) and alcohol ( > 15%, v/v), acidic pH (3.0-3.5) and a low content of nitrogen, fat and vitamins [50] . Despite the intensive use of engineered NPs in various consumer and industrial products, data on their potential hazards are still scarce and mechanisms of action only partially understood [51] . Consequently, the aim of this study was to evaluate the antioxidant response of S. cerevisiae, grown in presence of glycerol and glucose (a respirable/ fermentable medium), to 5 μg/ml TiO 2 -NP (size < 100 nm) in heat shock conditions. ), using a 130-watt ultrasonic processor for 30 min [52] [53] [54] . All other reagents were also purchased from Sigma Chemicals Co.
Materials and methods

Preparation of TiO 2 nanoparticle suspensions
Microorganisms and growth conditions
Saccharomyces cerevisiae UE-ME 3 , a strain isolated during the process of making Regional Alentejo Wine (Portugal), which is housed at the Enology Laboratory of the University of Évora, provided the eukaryotic model used in this study [54] . Bioassays were performed in 250-ml Erlenmeyer flasks containing 100 ml of YEPG medium (1% w/v yeast extract, 2% w/v peptone and 3% w/v glycerol). Culture flasks were inoculated using a fresh culture of wild-type S. cerevisiae UE-ME 3 and were shaken 150 rpm, at 28°C in a shaking water bath with controlled temperature Memmert, model 3200R. In the exponential growth phase (OD = 0.8), 2% (w/v) glucose was added (YEPGD medium). After 100 min, TiO 2 -NP stock solution was added to obtain a final concentration of 5 μg/ml. Yeast was allowed to grow for 100 min at 28°C or 40°C (heat shock, ST). Flasks lacking glucose (YEPG) or NPs (YEPGD) with or without heat shock, served as control samples.
Determination of dry weight
At the end of the experiment, the amount of biomass was determined by the measurement of dry weight in a micro analytical balance mettler Toledo, model AX 205. The collected aliquots were dried in an oven Memmert, model BE400 at 80°C until constant weight was attained.
Preparation of post-12,000 g supernatant
In order to obtain cellular fractions, at the end of the TiO 2 -NP exposure test for 200 min at controlled temperature, the cells were harvested by centrifugation at 5000 g for 10 min, rinsed in sterile double distilled water, resuspended in 10 mm phosphate buffer pH 7.0 and disintegrated in the ultrasonic homogeniser Branson sonifier 450 (10 s 3 × 5 min, 0.1 kHz pulse). The homogenates were subjected to differential centrifugation at 12,000 g for 20 min and the supernatant was collected and the pellet resuspended in 10 mm phosphate buffer pH 7.0. The cell fractions obtained, using a refrigerated super centrifuge Hermle Z323 K, were divided into aliquots and stored at -20°C for the later determination of cell contents and enzyme activities [55] .
Determination of protein concentration
Protein concentration was determined according to Lowry [56] , in a double-beam spectrophotometer Hitachi-U2001 using bovine serum albumin as a standard.
Determination of GSH and GSSG
Glutathione and glutathione disulphide were assayed as previously described [57] . This method was based on the reaction of o-phthalaldehyde (OPT) as a fluorescent reagent with GSH at pH 8.0 and GSSG at pH 12.0. GSH was complexed to 0.04 m N-ethylmaleimide (NEM) to prevent interference of GSH with the measurement of GSSG. Fluorescence of products was determined at 420 nm with the excitation at 350 nm, at 25°C, using GSH or GSSG as a standard in a single-beam Shimadzu RF-5001PC spectrofluorophotometer.
Measurements of ROS
ROS level was determined according to LeBel [58] in a single-beam Shimadzu RF-5001PC spectrofluorophotometer, using hydrogen peroxide as a standard, since it reacts with 2',7'-dichlorofluorescein (DCFH) to rapidly generate DCF, which was measured by means of fluorescence using an excitation wavelength of 488 nm and an emission wavelength of 525 nm at 25°C.
Measurement of MDA
Malondialdehyde (MDA) was assessed as an index of lipid peroxidation, based on the quantification of TBA oxidation products, which was measured by means of fluorescence in a single-beam Shimadzu RF-5001PC spectrofluorophotometer using an excitation wavelength of 515 nm and an emission wavelength of 553 nm at 25°C [59] , using as a standard the MDA generated from 1,1,3,3-tetramethoxypropane by means of hydrolysis in an acid medium [60] .
Enzyme assays
GR activity was determined using a reaction mixture containing 0.5 mm EDTA, 2.2 mm GSSG and a suitable concentration of post-12,000 g supernatant in 100 mm phosphate buffer pH 7.2, incubated at 37°C for 300 s. This reaction was followed by reading the absorbance at 340 nm for 180 s, after the addition of 0.17 mm NADPH [61] .
GPx activity was determined in a reaction mixture containing 5.0 mm GSH, 0.24 U/ml GR, 5.0 mm EDTA, 1.60 mm NADPH and a suitable concentration of post-12,000 g supernatant in 100 mm phosphate buffer pH 7.0, incubated at 37°C for 5 min. The reaction was initiated by the addition of 1.0 mm t-butyl hydroperoxide, and NADPH oxidation was monitored for 10 min at 37°C, by reading the decrease in absorbance at 340 nm [62] .
G6PD activity was determined according to Postma [63] in a reaction mixture containing 400 μm NADP + , 5 mm MgCl 2 .6H 2 O, and a suitable concentration of post-12,000 g supernatant in 50 mm TrisHCl, pH 8. The reaction was initiated by the addition of 5 mm glucose-6-P and NADPH formation was monitored by reading the increase of absorbance at 340 nm for 180 s. The coefficient of molar absorptivity for NADPH of 6.22 mm -1 cm -1 was used to calculate GR, GPx and G6PD activity.
Catalase activity was determined in a reaction mixture consisting of 30 mm H 2 O 2 and a suitable concentration of post-12,000 g supernatant (CTT1) or pellet (CTA1) in 50 mm phosphate buffer pH 7.5, by measuring the decrease in absorbance at 240 nm due to H 2 O 2 consumption, according to Beers and Sizer [64] .
SOD assay using a xanthine oxidase (XO)/nitroblue tetrazolium salt (NBT) system was determined in a reaction mixture consisting of 0.1 mm xanthine, 0.1 mm EDTA, 0.025 mm NBT, 0.5% (w/v) BSA, and a suitable concentration of post-12,000 g supernatant (SOD1, Cu-ZnSOD) or pellet (SOD2, MnSOD) in 50 mm sodium phosphate buffer pH 7.8. The reaction was initiated by the addition of 7 mU XO and the absorbance change at 560 nm was monitored at 25°C for 20 min. One unit of SOD was defined as the amount of protein that inhibits NBT reduction to 50% of the maximum (units: U/mg of protein) [65] . All enzyme activities are determined in a double-beam spectrophotometer Hitachi-U2001.
Statistics
All values were presented as the mean of five independent experiments±the standard error of the mean (SEM). The normality and homogeneity of variance were assessed by means of a P-plot and Levene test, respectively. The statistical analysis of the results was performed using ANOVA I and the Duncan test to determine significant differences (p < 0.01) between treatments, using SPSS ® statistical software, version 22.0 (SPSS Inc., Chicago, IL, USA) for Windows ® , licenced to the University of Évora.
Results and discussion
The results showed that the biomass produced by S. cerevisiae UE-ME 3 grown in the YEPG medium (respirable) was lower than determined in the cells grown in the YEPGD medium (respirable/fermentable) ( Figure 1A (YEPD) [43] . Cells grown in YEPGD medium (respirable/ fermentable) and 5 μg/ml TiO 2 -NP with heat shock or no heat shock presented biomass levels approximate to those determined in yeast cells grown in the YEPG medium (respirable) (p < 0.01). However, the biomass produced by cells grown in YEPGD medium (respirable/fermentable) under heat shock conditions was significantly lower than the biomass determined in S. cerevisiae grown in the YEPG medium (respirable), but significantly higher than that detected under the other experimental conditions. Thus, TiO 2 -NP exposure may have countered the effect of glucose or heat shock on the biomass produced by S. cerevisiae grown in the YEPGD medium (respirable/fermentable). The content in ROS from S. cerevisiae UE-ME 3 grown in the YEPG medium was lower than that determined in the cells grown in the YEPGD medium ( Figure 1B ) (p < 0.01), a result that appears to counteract that which is described in the literature, in which the content of ROS is higher in respiratory cells [66] . This response may be due to the partial suppression of antioxidant defence pathways by glucose when they are still likely producing high levels of ROS via respiratory metabolism [43, 67] . Although the yeast cells grown in the YEPGD medium (respirable/fermentable) with NPs presented ROS levels which were higher than those found in yeast grown in the YEPG medium (respirable) with heat shock (control sample) or without heat shock, the combined exposure of 5 μg/ml TiO 2 -NP with heat shock significantly increased the ROS content of S. cerevisiae grown in the presence of glycerol and glucose (respirable/fermentable) ( Figure 1B ) (p < 0.01). This response may explain in part the loss of biomass described in Figure 1A .
The content of glutathione (GSH) and total glutathione (GSH+GGSG) of S. cerevisiae UE-ME 3 grown in the YEPG medium (respirable) was higher than that measured in yeast cells grown in the YEPGD medium (respirable/ fermentable) (Table 1) (p < 0.01), results which suggest the repression of de novo biosynthesis of the antioxidant tripeptide when respiratory cells change their energetic metabolism using glucose as a carbon source [43] . Cells grown in the YEPGD medium (respirable/fermentable) with 5 μg/ml TiO 2 -NP contained levels of glutathione (GSH) and total glutathione (GSH+GSSG) lower than those detected in S. cerevisiae grown in the YEPG medium (respirable) (p < 0.01). In addition, cells grown in the YEPGD medium (respirable/ fermentable) under heat-shock conditions presented levels of GSH and GSH+GSSG which were lower than S. cerevisiae, which were only grown in YEPG (respirable) or YEPGD media (respirable/fermentable). In addition, the exposure of S. cerevisiae to 5 μg/ml TiO 2 -NP with heat shock accentuated the decrease in GSH levels to values below those determined in all other treatments, a response which may be due not only to the decrease in de novo biosynthesis but also to a decrease in cell ability to regenerate glutathione from glutathione disulfide, as suggested by increased levels of glutathione disulphide [24] . Yeast cells grown in YEPG (respirable) and YEPGD (respirable/fermentable) media showed no significant differences in intracellular redox environment estimated by the GSH/GSSG ratio (p < 0.01). Yeast cells grown in the YEPG (respirable) and YEPGD (respirable/fermentable) media showed no significant differences in intracellular redox environment as estimated by the GSH/GSSG ratio (p < 0.01), neither did the presence of 5 μg/ml TiO 2 -NP in the culture medium affect the redox GSH/GSSG pair (p < 0.01), attaining, in all cases, values approximate to those presented in the literature for S. cerevisiae [25, 68, 69] . However, yeast cells grown in the YEPGD (respirable/fermentable) medium under heat shock conditions showed a significant decrease in the GSH/GSSG ratio, an effect that provided evidence for the occurrence of oxidative stress. This response was accentuated by the presence of 5 μg/ml TiO 2 -NP, a decrease in the GSH/GSSG ratio from 1.39 to 0.93 occurring.
The glutathione reductase activity of S. cerevisiae UE-ME 3 grown in the YEPG medium (respirable) was below the level of this enzyme activity detected in cells grown in the YEPGD medium (respirable/fermentable) (Figure 2A ) (p < 0.01). In addition, the G6PD activity of cells grown in the YEPG medium (respirable) and the YEPGD medium (respirable/fermentable) showed no significant differences ( Figure 2B) . Thus, the regenerative capacity of GR for transformation GSSG into GSH seems to be enhanced by the presence of glucose, since the formation of reducing equivalents in the form of NADPH [25] required for the reduction of GSSG by the GR enzyme [24] were unaffected by the composition in carbon sources of the culture medium (p < 0.01). However, the GPx activity of the yeast cells grown in the YEPGD medium (respirable/ fermentable) was below the level of this enzyme activity detected in cells grown in the YEPG (respirable) without glucose as a carbon source was available (p < 0.01). Therefore, the presence of glucose may partially suppress the antioxidant defence mechanism mediated by GPx against hydrogen peroxide and lipid hydroperoxides ( Figure 2C ), although the energetic mitochondrial metabolism may still have continued to generate high levels of ROS [67] . The GR activity of S. cerevisiae grown in the YEPGD medium (respirable/fermentable) with 5 μg/ml TiO 2 -NP was below the level of this enzyme activity detected in cells grown only in the YEPGD medium (respirable/fermentable), presenting values similar to those that was detected in yeast grown in the absence of glucose (YEPG medium, respirable) (p < 0.01). However, the exposure of yeast cells to 5 μg/ml TiO 2 -NP, in the YEPGD medium did not disturb their G6PD and GPx enzyme activities (p < 0.01). Furthermore, heat shock conditions did not affect the glutathione regeneration ability of S. cerevisiae grown in the YEPGD medium (respirable/fermentable), since there were no significant changes in GR enzyme activity. However, there was a significant decrease in antioxidant capacity mediated by GPx activity (Figure 2A-C) (p < 0.01) . Interestingly, the exposure of S. cerevisiae to TiO 2 -NP with heat shock caused a significant decrease in GR and G6PD enzyme activity, and GPx activity remained at similar levels to those detected in cells exposed to heat shock only (Figure 2A -C) (p < 0.01), thereby contributing to a slowdown in the glutathione cycle. This response to TiO 2 -NP with heat shock by S. cerevisiae UE-ME 3 seems have contributed to the increase in the intracellular ROS level and the consequent change in the redox environment (GSH/GSSG) [24, 25] discussed above.
Saccharomyces cerevisiae grown in the YEPG medium (respirable) showed cytoplasmic catalase activity levels (CTT1) higher than those detected in the yeast cells grown in YEPGD medium (respirable/fermentable) ( Figure 3A ) (p < 0.01). This response to the presence of glucose in the culture medium was found to be consistent with the metabolic repression described by [43] . However, the antioxidant enzyme activities mediated by CTA1, SOD1 of yeast cells grown in the absence (YEPG) and presence of glucose (YEPGD) showed no significant differences ( Figure 3B, C) . The composition of the YEPGD medium (respirable/fermentable) or the exposure time was probably not enough to change the profile of such activities in the exclusively fermentative mode. Interestingly, the SOD2 activity levels of S. cerevisiae grown in the YEPGD medium (respirable/fermentable) were significantly higher than those detected in cells grown in the YEPG medium, an intriguing result (p < 0.01). The cells grown in the YEPGD medium (respirable/fermentable) in the presence of NPs showed levels of CTT1 activity below those detected in the yeast grown in the YEPG and YEPGD media ( Figure 3A) (p < 0.01). However, there were no significant differences in the CTA1, SOD1 and SOD2 enzyme activities determined in cells grown under these three experimental conditions ( Figure 3B-D) . The maintenance of CTA1, SOD1 and SOD2 activity levels in the presence of 5 μg/ml TiO 2 -NP may have contributed to preventing the increase in intracellular ROS and the establishment of oxidative stress conditions, as mentioned above, although the NPs demonstrated the ability to reduce the antioxidant defences mediated by cytoplasmic catalase (CTT1). Furthermore, heat shock conditions caused an increase in the capacity of S. cerevisiae for scavenging superoxide anion radical and hydrogen peroxide when yeast cells are grown in the YEPGD (respirable/fermentable) medium, since there occurred an increase in CTT1, CTA1, SOD1 and SOD2 enzyme activity, achieving values which were higher than those found under the other test conditions, except for cytoplasmic catalase (CTT1), whose specific activity achieved values which were lower than those detected in yeast cells grown in the YEPG medium (respirable). The exposure of S. cerevisiae to 5 μg/ml TiO 2 -NP with heat shock produced an opposite effect in terms of CTT1 activity achieving values approximate to those which were determined in yeast grown only in the YEPGD medium (respirable/fermentable) and also causing a significant decrease in CTA1 activity to values lower than those detected in S. cerevisiae exposed to heat shock only but which were higher than those detected under the other test conditions ( Figure 3A , B) (p < 0.01). However the combined effect of 5 μg/ml TiO 2 -NP and heat shock on the YEPGD medium significantly decreased cytoplasmic (SOD1) and mitochondrial (SOD2) superoxide dismutase activities (p < 0.01), a response that may have contributed to the increase of ROS and triggering the oxidative stress described above ( Figure 3C , D). The malondialdehyde level determined in S. cerevisiae UE-ME 3 grown in the YEPG medium (respirable) was higher than in yeast cells grown in the YEPGD medium (respirable/fermentable) ( Figure 3E ) (p < 0.01), in which the protection against oxidative damage in respiratory/fermentative cells may have primarily depended on the response of superoxide dismutase (SOD2) and catalase (CTA1) located in cellular compartments surrounded by membranes, since cytoplasmic glutathione peroxidase (GPX) and catalase (CTT1) activities presented a significant decrease (p < 0.01). Exposure of S. cerevisiae grown in the YEPGD medium to 5 μg/ml TiO 2 -NP reversed the significant decrease in the malondialdehyde level induced by the presence of glucose in the culture medium, presenting values approximate those detected in the yeast grown in the absence of glucose (YEPG, a respirable medium) (p < 0.01). In this case, the loss of enzymatic antioxidant capacity, such as the decrease of GR and catalase (CTT1) activities, may have contributed to the observed increase in oxidative damage. The results also revealed that yeast cells grown in the YEPGD medium under heat shock conditions showed the lowest level of MDA. It is possible that the significant increase in CTA1, CTT1, SOD1 and SOD2 activity may have contributed to minimising cell damage resulting from heat shock exposure. Surprisingly, the exposure of S. cerevisiae to 5 μg/ml TiO 2 -NP with heat shock significantly reversed the effect observed in cells grown in the YEPGD medium containing NPs, the malondialdehyde level decreasing to values approximate to those which were determined in cells grown in the YEPGD medium only (p < 0.01). In this case, the significant increase in CTA1 (≈3.0x) and CTT1 (≈1.5x) enzyme activity may have contributed to minimising the oxidative damage resulting from TiO 2 -NP exposure in the respirable/fermentable medium (YEPDG).
Conclusions
The biomass produced by S. cerevisiae grown in the YEPGD medium (respirable/fermentable) with 5 μg/ml TiO 2 -NP was similar to the biomass produced by the yeast cells in the YEPG medium (respirable), but less than that which was determined in the YEPGD medium (respirable/fermentable). The presence of TiO 2 -NP in YEPGD medium also caused a decrease in cell ability for regenerating glutathione (GSH) by means of GR and detoxifying hydrogen peroxide by means of catalase (CTT1), increasing cell damage (MDA level). The oxidation-reduction properties of the cell environment were disturbed (GSH/ GSSG ratio decrease) in the S. cerevisiae grown in the YEPGD medium (respirable/fermentable) with 5 μg/ml TiO 2 -NP with heat shock, probably due to a decrease in their reserves of glutathione (GSH) and nonprotein thiols (GSH+GSSG). In addition, the decrease in GR activity detected in the yeast cells grown in the YEPGD medium (respirable/fermentable), but only exposed to 5 μg/ml TiO 2 -NP, was even less under heat shock conditions. Furthermore, the exposure of S. cerevisiae to 5 μg/ml titanium dioxide NPs with heat shock triggered a decrease in yeast cell capacity for detoxifying the superoxide anion radical, mediated by cytoplasmic (SOD1) and mitochondrial (SOD2) superoxide dismutase activities and the antioxidant power mediated by glutathione peroxidase (GPx), with an increase in intracellular ROS. In conclusion, under heat shock conditions TiO 2 -NP caused oxidative stress in S. cerevisiae grown in the presence of glycerol and glucose, decreasing antioxidant defences such as superoxide dismutases or a slowdown of the glutathione cycle.
